Escherichia coli can induce a group of stress-response proteins, including carbon starvation-induced lipoprotein 24 (Slp), which is an outer membrane lipoprotein expressed in response to stressful environments. In this paper, slp null mutant 25 E. coli were constructed by insertion of the group II intron, and then the growth sensitivity of the slp mutant strain was 26 measured under 0.6% (vol/vol) hydrogen peroxide. The changes in resistance to hydrogen peroxide stress were investigated 27 by detecting antioxidant activity and gene expression in the slp mutant strain. The results showed that deletion of the slp 28 gene increased the sensitivity of E. coli under 0.6% (vol/vol) hydrogen peroxide oxidative stress. Analysis of the unique 29 mapping rates from the transcriptome libraries revealed that four of thirteen remarkably up/down-regulated genes in E. coli 30 were involved in antioxidant enzymes after mutation of the slp gene. Mutation of the slp gene caused a significant increase 31 in catalase activity, which contributed to an increase in glutathione peroxidase activity. The katG gene was activated by the 32 OxyR regulator, which was activated directly by 0.6% (vol/vol) hydrogen peroxide, and HPI encoded by katG was induced 33 against oxidative stress. Therefore, the carbon starvation-induced lipoprotein Slp regulates the expression of antioxidant 34 enzymes and the transcriptional activator OxyR in response to the hydrogen peroxide environment, ensuring that cells are 35 protected from hydrogen peroxide oxidative stress at the level of enzyme activity and gene expression.
In nature, bacteria are often subjected to adverse environmental conditions, such as high temperature, osmotic stress or 41 oxidative stress [1, 2] . When non-differentiating bacteria such as E.coli are exposed to environmental stress, it could induce 2 42 the synthesis of more than 50 different types of stress-response proteins, and the accumulation and degradation rates of 43 induced partial proteins have a great effect on cell survival, including the Slp protein [3] . The slp gene is located at 78.6 44 centrosomes on the Escherichia coli genetic map, and the -10 and -35 regions upstream of the mRNA start site are 45 characteristic of the σ 70 promoter. Comparison of the slp region to E.coli sequences in the GenBank database indicated that 46 this carbon starvation-inducible gene encoded a protein with an unprocessed molecular mass of 25 kDa [4] . Slp protein was localized in the outer membrane fraction since it remained in the pelleted membrane fraction following solubilization of the 48 cytoplasmic membrane proteins with 1% Triton X-100 [5] . Bacterial lipoproteins contain an N-terminal cysteine residue,
49
which is linked to diglyceride through the thiol group and to a fatty acid on the terminal amino group, consistent with the 50 Slp protein having such an N-terminal modification, and the protein was resistant to standard Edman degradation; these 51 criteria indicate that the slp gene encodes a new lipoprotein [4, 6] . Early studies found that E. coli regulation of the reverse 52 environment mainly depends on the following three notions: the cAMP-dependent protein involved in the absorption and 53 utilization of alternative carbon sources to ensure cell survival, termed as Cst [7] ; and the induced expression mechanism of 54 Pex protein was similar to the generalized resistance state of the cell survival characteristics in the stationary phase [1, 8] .
55
Expression of Slp protein during carbon starvation and the stationary phase was dependent on neither cAMP/CRP nor σ S
56
[9].
57
In recent years, it has been found that the regulation of oxidative stress in E. coli is mainly mediated by alkyl peroxide 58 reductase AhpCF and the OxyR stress regulator as well as the catalase family [10] . Alkyl peroxide reductase is a highly 59 efficient two-component disulfide oxidoreductase that relies solely on the AhpC subunit (22 kDa) and the AhpF subunit (52 60 kDa) for the reduction of bacterial intracellular peroxide substrates [11] . The AhpF subunit transfers electrons via NADH 61 and specifically catalyzes the non-peroxidase AhpC subunit to convert low concentrations (less than 20 μM) of hydrogen 62 peroxide and organic peroxides into water, to protect cells against oxidative stress [12] . However, OxyR, a positive 63 regulator of hydrogen peroxide-inducible protein, can be activated by increases in the hydrogen peroxide concentration or 3 64 decreases in the thiol/disulfide ratio, and the OxyR regulator senses low concentrations of peroxidation and induces the with an initial concentration of 10 9 CFU/ml and cultured at 37 °C for 3 hours. Ten milliliters of the fermentation were taken 154 at intervals of 0.5 hours. After centrifugation at 10,000 rpm for 5 minutes, the pellets were re-suspended in 20 mM The slp gene mutant E. coli was constructed by the Targetron technique. Three positive mutant E. coli were selected.
181
Genomic DNA of E. coli was extracted, and slp mutations were verified by PCR. As shown in Fig 1A, an approximately 1.5 182 kb gene fragment was amplified from the wild-type E. coli BL21(DE3) (Lane 1), and a 3.5 kb product was amplified from E.
183
coli BL21(DE3) ∆slp , which is 2kb larger than that in wild-type E. coli BL21(DE3), suggesting that the group II intron the wild-type E. coli BL21(DE3) ( Fig 1B) . Therefore, E. coli BL21(DE3) ∆slp was successfully constructed. Table 3 . After removing the non-coding RNA, the remaining clean reads in each 211 library were mapped to wild-type E. coli BL21(DE3), and the mapping rates ranged from 86.52% to 90.43% (Table 3 ). The 212 unique mapping rates from 12 libraries fluctuated within a relatively small range (from 86.52% to 89.67%, Table 3 ).
213 Table 3 The overview of RNA-Seq To identify the gene expression signature induced by oxidative stress in E. coli, after the slp gene was mutated, the 223 mutant and control strains were grown under 0.6% (vol/vol) hydrogen peroxide for three hours. Twelve samples passed our 224 quality control criteria and were retained for further analyses (F test, univariate p< 0.05, FDR <0.001; Fig 3A) . After 225 filtering, we found 17,302 probes that were significantly deregulated at different time points, 1,879 that were upregulated 226 and 1,625 downregulated ( Fig 3B) . Among all of these up/down-regulated genes, mutation of the slp gene directly caused 227 the up-regulation of 13 genes (Fig 4A, C1 Vs C2 ) and down-regulation of 8 genes ( Fig 4B, C1 Vs C2 ). In the hydrogen 228 peroxide environment, the mutation of the slp gene caused an up-regulation of 63 genes (Fig 4A, C3 Vs C4 ). Hydrogen 229 peroxide caused a significant up-regulation of 921 genes (Fig 4A, C1 Vs C3 ) and down-regulation of 839 genes (Fig 4B, C1 230 Vs C3) in wild-type E. coli BL21(DE3). In E. coli BL21(DE3) ∆slp , hydrogen peroxide caused a significant up-regulation of 231 882 genes (Fig 4A, C2 Vs C4 ) and down-regulation of 778 genes (Fig 4B, C2 Vs C4) . Significant changes in oxidative stress, glucose metabolism, and energy metabolism pathways were observed after the 256 slp gene was mutated (Table 4 ). After the slp gene was mutated, it mainly resulted in a significant increase in the genes in 257 the glucose metabolism pathway (GO: 0004641; GO: 0004637; GO: 0004644; GO: 0009401) (Table 4 ). In the energy 258 metabolism pathway, it caused a significant decrease in the gene (GO: 0015419; GO: 0005524); however, there was 259 dramatically increased expression of the genes in the energy metabolism pathway when E. coli BL21(DE3) ∆slp was grown in 260 a 0.6% (vol/vol) hydrogen peroxide environment (Table 4) . 
267
In the oxidative stress pathway, the change in antioxidant enzymes was the main concern. When wild-type E. coli 268 BL21(DE3) was exposed to a 0.6% (vol/vol) hydrogen peroxide environment, the gene encoding glutathione transferase 269 (GO:0004364) or glutathione peroxidase (GO:0004602) was not changed, and the gene encoding catalase (GO:0004096)
270
was increased approximately 1.26-fold ( We further examined the oxidative stress-related activities. As shown in Fig 5, 
288
The glutathione enzyme activity of E. coli is shown in Fig 6A, and The localization of carbon starvation-induced lipoprotein Slp in the outer membrane suggests a potential role in 329 protecting stationary phase cells from environmental stress or facilitating nutrient availability in the periplasm [9] . A 330 previous study suggested that it could be induced by carbon deficiency or oxidative stress [4]. However, there was no clear 331 conclusion about the oxidative stress induction mechanism of carbon starvation-induced lipoprotein Slp.
332
In this study, we first constructed an slp null mutant E. coli using the Group II intron insertion method (Fig 1) . Group
333
II introns use a remarkable mobility mechanism in which the excised intron RNA uses its ribozyme activity to insert 
339
We discovered that the slp gene mutant strain had increased susceptibility to 0.6% (vol/vol) H 2 O 2 oxidative stress and 340 grew poorly with oxygen during the logarithmic phase (Fig 2) . Gregory found that there are no significant changes in 341 resistance to oxidative stress by measuring zones of inhibition surrounding disks containing 10 μl of 50% peroxide in the slp 342 gene mutant strain; however, this study was not designed to measure slight differences in the sensitivity of the slp gene 343 mutant to stress treatments [9] . During entry into the stationary phase, E. coli including E. coli BL21(DE3) ∆slp devoted a 344 considerable amount of synthetic protein to resist adverse environments during long-term exposure to hydrogen peroxide
345
[2]. After slp::phoA strains were subjected to oxidative challenge and followed for 4 hours of glucose starvation during 346 exponential growth, Alexander indicated that alteration of Slp did not change starvation-induced cross resistance to osmotic, 347 thermal or oxidative stress [4] . Unfortunately, Alexander studied whether slp::phoA strains could depend on Pex protein
